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One of the classic important issues in protein folding
and stability is the relative roles of noncovalent short-
range (local) and long-range (nonlocal) interactions.
Interest in this topic has been reinforced by recent
developments in the analytical theory of protein folding
and in lattice-based computer simulations. During the
past few years, a wealth of experimental information
relevant to this issue has been accumulating. In this
review, we focus specifically on experimental aspects,
discussing some general ideas that arise from the
results obtained by many different groups using a
variety of approaches. We also discuss a new
experimental strategy that allows us to engineer the
contribution of local interactions, and we discuss the
first results obtained.
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Introduction
Understanding protein folding and stability involves
unravelling the mechanisms by which natural proteins
attain their special physical properties, as compared to
random heteropolymers. To explain these properties, it
has been theoretically proposed that an energy gap exists
between the native and any of the other possible confor-
mations of a protein [1,2]. This gap requires the native set
of noncovalent interactions between amino acids to be
more stabilizing than those in all other conformations.
There are two types of noncovalent interaction in pro-
teins: local and nonlocal, so defined in terms of the dis-
tance in the sequence between the interacting residues
[3]. Importantly, they are geometrically different; local
interactions participate in defining secondary structure
while nonlocal interactions are involved in defining the
tertiary structure. Both types of interaction can be either
sequence independent, those between atoms of the back-
bone (i.e -helix mainchain–mainchain hydrogen bond),
or dependent on the chemical nature of the residues
involved. The latter group is obviously the more relevant
to the protein folding problem.
The issue of the specific roles of local and nonlocal inter-
actions is a very important one. Classically, local interac-
tions have been considered less important for protein
stability and for attaining a definite three-dimensional
structure [3]. They were, however, assigned an important
role in driving the conformational search during folding
in a variety of phenomenological models of protein
folding [4–10]. This view was sustained by the finding
that very short protein fragments could significantly pop-
ulate native-like secondary structure in aqueous solution
[11]. Nevertheless, other models put the emphasis on
hydrophobic collapse as the guiding force in the folding
process [12]. More recently, another view of protein
folding has emerged from statistical-mechanics theory
and computer simulations of folding (for recent reviews,
see [1,2,13]). In these new approaches to the problem,
however, the putative role of local interactions still
remains unclear. Some simplistic lattice simulations find
that secondary structure is mainly the product of protein
compaction [13]. Optimization of folding speed seems to
require a small contribution of local contacts to the sta-
bility of the folded state [14,15]. A similar conclusion has
been theoretically drawn for proteins with a nucleation-
condensation mechanism [16]. On the other hand, off-
lattice simulations have shown that inclusion of
mainchain–mainchain hydrogen bonding is needed to
obtain a secondary structure content akin to that found
in proteins [17]. Statistical-mechanical models [1] have
also been used to investigate the role of local helical
signals in guiding the folding of helical proteins [18,19].
In these studies a similar role is found for local and non-
local interactions in defining the energy gap [18,19].
These topics have been discussed in detail in recent
reviews [1,2,13] and will, therefore, not be discussed
further. In this review, we rather focus on the available
experimental data that are relevant to the role of local
interactions in protein folding and stability, as well as on
new experiments specifically designed to directly
address this issue.
Model systems to experimentally study local interactions
Site-directed mutagenized proteins have been the stan-
dard systems of choice to characterize and quantify the
free energy contribution of noncovalent interactions. In
these studies, a pairwise interaction is analyzed by per-
forming a thermodynamic cycle in which the changes in
free energy of unfolding are measured for the single and
the double mutant proteins [20]. However, there are some
drawbacks in the use of proteins for this purpose. First, it
is not always possible to carry out neat mutations to
monitor only a single interaction. Second, the effect of
mutations on the denatured state of the protein cannot be
determined. The latter problem becomes more severe on
the study of local interactions because they fix few
degrees of freedom in the polypeptide chain. They are,
then, likely candidates to contribute to the stability of not
only the native state, but also the denatured ensemble. An
alternative system to analyze local interactions is the use
of synthetic model peptides. These peptides are short and
monomeric and present less context problems than pro-
teins. Such systems have been used successfully to dissect
the contribution of local interactions to -helix stability
[21–23]. This has been possible due to two facts: short
polyalanine-based peptides show important helical popu-
lations in aqueous solution and there is a sufficiently
precise method to quantify changes in helical content [24].
On the other hand, short peptides populate large ensem-
bles of conformations, which makes it necessary to utilize
statistical-mechanics treatments [21–23]. This usually
involves, as a simplification, the assumption of the lack of
energetic coupling between residues in the coil state. Both
methods have been used extensively to study local inter-
actions and have provided invaluable information on the
thermodynamics of local interactions. 
Thermodynamic analysis of local interactions
Secondary structure propensities
It is a well known fact that amino acids are found in
protein structure databases with different frequencies in
different conformations [25]. Until recently, however,
the thermodynamic relevance of these frequencies was
obscure. In the past few years, propensities to form -
helices [26–29], -strand [30–32] and -turn conforma-
tions [33] have been experimentally studied in several
model systems. In general, it is observed that the 20
amino acids have different propensities; these are nor-
mally in the range of 1 kcal mol–1 between the best and
the worst ones for a given conformation (with the excep-
tion of proline). In some cases context effects can be pre-
dominant and partly mask these propensities [33–35].
Overall, the results obtained in proteins and peptides are
in good agreement for the relative secondary structure
propensity scales. There are, however, some discrepan-
cies in the absolute free energy range [36]. Unfortu-
nately, the origin of this discrepancy is not yet known.
Interestingly, consistent correlations have been found
between the propensities to populate regions of ,
space, as observed in protein structure databases, and the
previously mentioned thermodynamic scales for propen-
sities [36–38]. This suggests that the changes in free
energy observed in experiments are really related to dif-
ferent propensities to populate regions of the , space.
Different , propensities have also been identified as
an important contribution to the changes in free energy
produced by Ala→Gly [39], Val→Ala and Val→Gly [40]
mutations in proteins. These propensities seem to be
one of the factors determining the differences in NMR
parameters measured for the different amino acids in
short random-coil peptides [41–43]. Such a conclusion is
suggested by the correspondence between the experi-
mental values and those derived from the , distribu-
tions in protein structure databases [44–46]. The physical
basis for the existence of different propensities in the 20
amino acids is unknown. Maximization of hydrophobic
surface-buried [47] and different patterns of hydrogen-
bonding with the solvent [48] have been used as possible
explanations.
Interactions between residues
Local interactions between residues placed close in
sequence (less than five amino acids away) have been sys-
tematically analyzed in -helices. Such studies have been
possible using peptide model systems with polyalanine-
based sequences. The results obtained so far show that
different pairs of amino acids spaced in an -helix by
three (i,i+3) and by four (i,i+4) residues have very differ-
ent free energies of interaction. These energies can be
attractive or repulsive, depending on the pair of residues,
and have been described as hydrogen bonds, electrostatic
interactions between charged residues, charge–dipole
interactions, dipole–dipole interactions, van der Waals’
and hydrophobic interactions [21–23]. They seem to be
stereochemically specific and thermodynamically impor-
tant (some pairs have free energies of interaction higher
than 1 kcal mol–1 [49,50]). Other important local interac-
tions related to -helices are found in the ends of these
structural elements. In this case, residues placed outside
or at the boundary of the -helix interact with the main-
chain (N-capping and C-capping [51–53]) or sidechain
(local motifs [54–57]) of residues within the -helix. The
range of free energies for this type of interaction seems to
be similar to that inside the -helix [58]. An additional
interest for these last interactions lies in their involve-
ment in defining the -helix limits. Due to this character-
istic, they have been defined as helix start and stop
signals [59,60]. This term might be misleading, though, as
it has been experimentally proven that other local interac-
tions may be enough to bypass such ‘signals’ [61]. A role
in protein folding, guiding the coalescence between the
helix and the preceding or following chain segment, has
also been suggested by several authors [56,62]. Local
interactions in other secondary structure elements have
not been so extensively analyzed. For -turns, a random
mutagenesis study suggested that -turn-like local inter-
actions are not thermodynamically relevant [63].
However, a more recent analysis by Regan and colleagues
[33] shows that mutating a single -turn residue to each of
the other 19 amino acids conveys important changes in
the free energy of unfolding of the protein. They also
found a correlation between the changes in free energy
upon mutation and the propensities observed in protein
structure databases. 
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How important are local interactions for natural proteins?
We have illustrated above that local interactions can con-
tribute to the thermodynamics of proteins. The question
is then, what is the specific role that local interactions play
in the special properties of natural proteins? An indirect
way to attain some information relevant to this point
comes from the conformational analysis of protein frag-
ments. Short fragments of proteins allow the study of local
interactions in isolation from the protein context. In this
regard, the entire sequence of several proteins has been
split into short pieces that have been analyzed by circular
dichroism (CD) and nuclear magnetic resonance (NMR):
lysozyme [64], myohemerythrin [65], plastocyanin [66],
thermolysin C-terminal domain [67], bovine pancreatic
trypsin inhibitor (BPTI) [68], B1 domain of the IgG-
binding protein [69], -spectrin SH3 domain [70] and the
barley chymotrypsin inhibitor (CI-2) [71]. As a brief
summary, these studies show that in aqueous solution
some fragments populate in small amounts native-like
conformations, while others do not deviate from random-
coil behaviour (for review, see [11]). In a very few cases
non-native tendencies have been found [70]. Therefore,
local interactions are more important in some regions of
proteins than in others. On the other hand, these patterns
are specific to each protein and are not conserved in
protein families [72] or in proteins with the same three-
dimensional structure [73]. Another interesting observa-
tion is that the maximum amount of secondary structure
found so far in protein fragments is much less than that
shown by certain designed short heteropolypeptides.
Moreover, it has been found that the amount of native-
like secondary structure of protein fragments can be
increased greatly by designing two or three polar→polar
mutations [74–76]. All of this suggests a negative selection
for large contributions of local interactions in natural pro-
teins. Nevertheless, it is worth mentioning that small pop-
ulations of secondary structure do not imply that the
contribution of local interactions to the free energy of
natural proteins is negligible. In -helices, due to the
cooperativity of the helix/coil transition, small changes in
the helical population of peptides with low helical content
involve large changes in free energy [74].
Engineering the ratio between local and nonlocal
interactions in natural proteins
A crucial experiment to be performed is to engineer, as in
computer simulations, the contribution of local interac-
tions to the energy function of proteins. Once done, the
effect on protein folding and stability can be determined
with physico-chemical techniques. Remarkably, such
experiments are nowadays feasible for local interactions
involved in -helix stability. The helical propensity of
peptides can be increased and/or decreased by designing
specific mutations that introduce and/or delete local inter-
actions [74–76]. These mutations are designed on the
basis of our current knowledge of the helix/coil transition
for heteropolymers [23]. The effective increases in helical
propensity are, then, directly measured by far-UV CD
analysis of the peptides in solution. A similar strategy is
applied to the entire protein, requiring a previous target-
ing of the positions that can be safely mutagenized. Muta-
tions must involve only polar residues and the targeted
sites must be fully exposed to the solvent and free of con-
tacts with other regions of the protein [75]. Importantly,
the same mutations are performed in peptides including
the -helices to serve as reference for the changes
observed in the protein. This experiment has been carried
out recently in our laboratory for three different proteins:
Che Y [75], the activation domain of procarboxypeptidase
A (CPA) [76] and the SH3 domain of chicken spectrin
(J Prieto, M Wilmmans, L Serrano, unpublished data).
These proteins differ in their fold, size and folding behav-
iour (Che Y is an / parallel protein of 129 amino acids
and has a folding intermediate [77]; CPA is an + protein
with 80 residues and follows a two-state folding transition
[78]; SH3 is an all -protein with 60 residues and also
follows a two-state folding transition [79]). In the two first
proteins, each of their native -helices (five and two,
respectively) have been enhanced in their helical propen-
sity. In the third protein, non-native helical propensity has
been induced in the first -strand. The following sections
discuss the results obtained so far. 
Local interactions and protein stability
The stabilization of native -helices by local interactions
(Che Y and CPA; Fig. 1a) produces important changes in
the thermodynamic properties of the protein. In all cases
the protein becomes significantly less sensitive to chemi-
cal and temperature denaturation. There is a clear
decrease in the equilibrium m value of the urea-induced
unfolding transition, which is more pronounced in the
Che Y mutants (Fig. 1b). The decrease in m has been
identified in Che Y with the compaction of the dena-
tured state and not with the stabilization of a folding
intermediate [77]. The compaction of the denatured
state reflects its stabilization by local interactions. As a
consequence, the overall gain in protein stability due to
enhancing native helical propensities is less than the
increase in free energy for -helix formation in the
peptide [77,78] (Fig. 2). In some cases, there is even a
net loss in protein stability, reflecting the preferential
stabilization of the denatured state. Induction of a non-
native -helical tendency in the SH3 domain of spectrin
mainly results in a small change in the m value which is
proportional to the helical propensity (J Prieto, M Wilm-
mans, L Serrano, unpublished data). This suggests that,
in natural proteins, the partition function of the dena-
tured ensemble is not dominated by conformations
having residual native secondary structure, but that con-
formations with non-native secondary structure are also
present. Another important observation is that the com-
paction of the denatured state appears more pronounced
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the larger the protein is. More proteins need to be ana-
lyzed in this way to be able to generalize. Finally, these
results indicate that there is an optimal local versus non-
local ratio in order to maximize protein stability. As a
consequence, the concept of maintaining low local versus
nonlocal ratios in de novo protein design strategies has
been proposed [77]. 
Local interactions and the rate of folding
The study of the folding kinetics of the mutants with
engineered ratios of local versus nonlocal interactions pro-
vides direct information on the effect of local interactions
in the rate of protein folding. These results are still pre-
liminary — Che Y ([77]; E López-Hernández, P Cronet,
L Serrano, V Muñoz, unpublished data); CPA (A Viguera,
V Villegas, X Aviles, L Serrano, unpublished data); SH3
(J Prieto, V Muñoz, M Wilmmans, L Serrano, unpublished
data) — but some general observations can be drawn. The
compaction of the denatured state of Che Y, CPA and
SH3 is further supported by the fact that the same
decreases in m observed at equilibrium are found kineti-
cally (Fig. 1c). Furthermore, the changes appear in the
urea dependence of the refolding rate constant. Generally,
the folding transition state is not shifted in the reaction
coordinate in any of the mutants. However, the effect of
increasing native helical propensities (Che Y and CPA) on
the rate of folding is complex, depending on the details of
the folding mechanism of the protein. Whereas in Che Y
there is always a deceleration of the folding rate, in the
second helix of CPA a strong acceleration of the folding
rate is observed. The critical point appears to be the struc-
tural properties of the folding transition state as compared
to the structure of the ground states. In other words, if the
stabilized helix is more structured in the transition state
than in the denatured state and/or the folding intermedi-
ate (only for Che Y, as CPA follows a two-state model), the
rate of folding is accelerated. If the degree of structure is
similar the rate is not affected, but it is effectively reduced
when the target helix is more structured in the ground
state than in the folding transition state. An interesting
consequence is that for proteins with a nucleation-conden-
sation event as rate-limiting step (only the folding nucleus
is formed in the transition state; Che Y in this analysis
[80]), the general effect of enhancing native -helices will
be a deceleration in the rate of folding, as has been postu-
lated recently [16]. 
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Figure 1
Local native interactions produce less cooperative folding transitions.
(a) CD spectra of a peptide corresponding to the wild-type -helix A of
Che Y and a mutant peptide in which the helix propensity has been
enhanced by solvent-exposed polar→polar mutations. (b) Urea
denaturation profiles of wild-type Che Y and of a mutant protein in
which the helical propensity has been enhanced by local interactions in
-helix A [77]. It can be appreciated that although the mutant protein is
more resistant to urea denaturation, the slope of the urea dependence
is smaller. (c) Kinetic analysis of unfolding and refolding reactions of
the same two proteins as in (b). It can be appreciated that the slope of
the natural logarithm of the urea dependence is smaller for the helix-
enhanced mutant in the refolding reaction. There is no change in the
unfolding reaction because -helix 1 is made in the transition state of
Che Y [77,80]. For other helices of this protein, such as helices C, D
and E which are unfolded in the transition state [77,80], the unfolding
reaction slows down considerably when native-like helical propensities
are enhanced. Qualitatively similar results are found for CPA.
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Conclusions
All these studies suggest that local interactions are ther-
modynamically important. However, new experiments
suggest that they have low specificity for the native state,
also stabilizing alternative conformations. This simple
interpretation explains the effects observed in both
protein stability and protein folding. Besides, it gives a
clue as to why natural proteins have such low helical
propensities, as compared to what is attainable with syn-
thetic peptides. Finally, protein engineering and design
projects ought to be concerned with the balance between
local and nonlocal interactions as well as minimizing non-
native local interactions in order to optimize protein stabil-
ity and folding speed.
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